In 2005, the ANTARES Collaboration deployed and operated at a depth of 2500 m a so-called Mini Instrumentation Line equipped with Optical Modules (MILOM) at the ANTARES site. The various data acquired during the continuous operation from April to December 2005 of the MILOM confirm the satisfactory performance of the Optical Modules, their front-end electronics and readout system, as well as the calibration devices of the detector. The in-situ measurement of the Optical Module time response yields a resolution better than 0.5 ns. The performance of the acoustic positioning system, which enables the spatial reconstruction of the ANTARES detector with a precision of about 10 cm, is verified. These results demonstrate that with the full ANTARES neutrino telescope the design angular resolution of better than 0.3 • can be realistically achieved.
Introduction
The ANTARES Collaboration is building a large underwater neutrino telescope located at a depth of 2500 m in the Mediterranean Sea, offshore from Toulon in France [1] . The experiment aims to detect neutrinos with energies above 10 GeV by means of the Cherenkov light emitted in sea water by charged particles produced in neutrino interactions with the surrounding medium. Photons are recorded by a lattice of Optical Modules [2] , consisting of 10" hemispherical photomultiplier tubes [3] hosting calibration and environmental measurement devices, were deployed, connected and operated for a few months at the ANTARES site. This operation allowed a demonstration of the main aspects of the design of the detector and measurements of the background counting rates in the OMs, due to bioluminescence and 40 K decays, over a period of about four months [4] . After the experience of the PSL and MIL lines, significant changes were made to the detector design. In parallel to the launching of the mass production of all detector elements, the ANTARES Collaboration built a new version of the Mini Instrumentation Line based on the final design of all electronics and mechanics. This line, which also includes an extra storey with three OMs, has been named the MILOM. The main objective of the MILOM operation is to provide an in-situ check of the modified detector elements and a validation of the performance of the time calibration and the acoustic positioning devices. It was also an excellent opportunity to validate the tools and procedures used during the integration and deployment of a line before their application to the first complete ANTARES detector line. Furthermore, the MILOM houses environmental instruments needed for the calibration of the detector and the monitoring of the water physical properties.
Completed in December 2004, the MILOM line was deployed on the ANTARES site [5, 6] , located at 42 
The MILOM line
As shown in figure 1 , the MILOM consists of an instrumented releasable anchor, the Bottom String Socket (BSS), and of three storeys located respectively at 100 m, 117 m and 169 m above the sea bed (the inter-storey spacings indicated in figure 1 correspond to the cable lengths). The line is maintained in an almost vertical position by two buoys located at the top.
The MILOM is equipped with four Optical Modules: a triplet of OMs on the second storey, as for a standard ANTARES optical line storey, and a single additional OM fixed on the top storey. The line also supports three intense light sources used mainly for the OM timing calibration: the Laser Beacon located on the BSS and two LED Optical Beacons attached to the bottom and top storey, respectively. In order to allow the reconstruction of the line shape geometry, the MILOM is equipped with biaxial tiltmeters and compasses located in the electronics container of every storey, and with two acoustic positioning modules: an emission/reception (RxTx) module with its transducer on the BSS and a reception (Rx) module with its hydrophone on the bottom storey. In addition, the MILOM hosts various environmental devices: an acoustic current profiler 1 monitors the intensity and direction of the underwater flow; a sound velocimeter 2 records the local value of the sound velocity; a CT probe 3 measures the conductivity and temperature of the sea water; a transmission meter 4 monitors the light attenuation of the water; a Spy Hydrophone records the acoustic activity from the positioning beacons, surface or biological noise; and a broadband seismometer 5 installed in the sea bed sediment 50 m away from the MILOM anchor which monitors the seismic activity at the site. Finally, the MILOM BSS is equipped with two releasable autonomous transponders 6 which enable the monitoring of the line anchor position during its deployment and allow the release of the BSS from its dead weight in order to recover the line.
All instruments deliver their data in real time and can be remotely controlled from the ANTARES shore station through a Gb Ethernet network. Every storey is equipped with a Local Control Module (LCM) which contains the electronics boards for the OM signal processing, the instrument readout, the acoustic positioning, the power system and the data transmission. On the middle storey, the Master Local Control Module (MLCM) also contains an Ethernet switch board, which multiplexes the data acquisition (DAQ) channels from the other storeys. At the bottom of the line, the BSS is equipped with a String Control Module (SCM) which contains the local readout and DAQ electronics, as well as the power system for the whole line. Finally, both MCLM and SCM include a Dense Wavelength Division Multiplexing system used for data transmission in order to merge several 1Gb/s Ethernet channels on the same pair of optical fibres by using different laser wavelengths. Although a local trigger requiring time coincidences between OMs of the same storey can be activated in each LCM, most of the time the large bandwidth of the DAQ system allows the transmission of all recorded OM signals to shore. A dedicated computer farm can then perform a global selection of the OM hits of the interesting physics events from the data recorded by the whole detector.
While the recording of the OM signals and instrument data of the MILOM started immediately after its connection, the first months of operation have been dedicated to online software development and tuning of the detector settings. The smooth data taking of the MILOM started in September 2005.
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The Optical Module data
The ANTARES Optical Module consists of a 10" Hamamatsu photomultiplier tube (PMT) housed in a pressure resistant glass sphere (see figure 2) . The 900 PMTs foreseen for the ANTARES detector have been selected and fully characterized to work with a threshold below the single photo-electron level with a mean transit time spread (TTS) of σ ∼ 1.3 ns (FWHM ∼ 3.0 ns) [3] . The PMT signal is processed by the Analogue Ring Sampler (ARS) ASIC which measures the arrival time and charge of the pulse [7] . Only this information is sent to shore in the case where it is compatible with a single photo-electron (SPE) pulse, while the ARS can perform a full digitisation of the PMT signal for larger amplitudes. In order to minimize the dead time, every OM is read out by a pair of ARS chips which treat the signal alternately according to a token ring protocol.
During normal operation, the PMT high voltage is set so as to obtain a gain of 5 × 10 7 leading to a SPE signal amplitude of about 45 mV. The readout trigger threshold of the ARS is set to ∼ 0.5 photo-electrons. Figure 3 shows an example of the counting rates recorded by the three OMs located on the MILOM second storey over a period of 120 seconds. The counting rates exhibit a baseline largely dominated by optical background due to 40 K decays and bioluminescence coming from bacteria, as well as bursts of a few seconds duration produced by bioluminescent emission of macro-organisms [8] . The fourth OM located on the top storey has not worked since the beginning of the MILOM operation because it shares its power supply with a faulty Optical Beacon placed on that same storey. A visual survey of the MILOM line with the ROV Victor revealed that this Optical Beacon is full of water due to a leak. For each OM, the baseline rate is defined as the average of the minimum counting rate during periods of 15 minutes. Time coincidences between signals of OM pairs have also been studied. Figure 5 shows typical distributions of the time delay between signals from the three possible combinations. The distributions show peaks due to 40 K radioactive decays producing two detected photons, superimposed upon a flat background of random coincidences. The genuine 40 K coincidence rates obtained from fits to these distributions are 13.0 ± 0.5 Hz for the OM1-OM2 and OM1-OM3 pairs and 10.5 ± 0.4 Hz for the OM2-OM3 pair. These results are found to be stable within the statistical errors over a period of four months. The measured rates are in good agreement with a simulation of the signals induced by 40 K decays which leads to a coincidence rate of 12 Hz with a 4 Hz systematic error due to uncertainties in the effective area and angular response of the OMs. These measurements also confirm that the larger counting rate observed with OM1 is not due to noise in its front-end electronics.
As mentioned previously, the ARS has also the capability to perform a full waveform sampling (WF) of the OM signal in addition to the charge measurement of the PMT pulse and its arrival time. Although this functionality is mainly used to record double pulses or large amplitude signals, it is useful to cross-check the computation of the SPE charge by the integrator circuit of the ARS. In WF mode, 128 digitisations of the OM anode signal are provided, at a sampling rate of 640 MHz. In order to obtain a precise time stamping of the WF data, a synchronous sampling of the 50 MHz internal ARS clock is also performed and read out in addition to the OM data. An example of a WF record is shown in figure 6 (left). Figure 6 (middle) displays the charge distribution of the OM signals obtained by integrating the WF samples after baseline subtraction. The single photo-electron peak is clearly identified well above the electronics noise. of time for the three OMs. The normalised mean charge is computed as the ratio between the daily mean value of the charge distribution and the mean value of their first measurement appearing in the plot. This figure is obtained from the analysis of minimum bias data largely dominated by SPE events. As can be seen in figure 7 , the charge distributions remain stable within ±1% for all ARSs during more than two months of monitoring. This indicates that the PMT gain, the trigger threshold and the charge integrators did not fluctuate by more than a few percent during that period.
Optical Module timing precision
The ANTARES neutrino telescope is designed to have an angular resolution of less than 0.3
• for neutrino energies in excess of 10 TeV, which relies on good positioning accuracy (see section 5) and good timing resolution of the signals recorded by the Optical Modules. The specification for the timing resolution is such that it should be limited by the transit time spread of the PMTs which have σ ∼ 1.3 ns and by the effect of scattering and chromatic dispersion of the light during its transmission in water, which will contribute with a similar amount to the time uncertainty. To achieve this specification, all electronics and calibration systems are required to contribute less than 0.5 ns to the overall timing resolution. The measurement of the OM timing resolution is performed by pulsing the LED beacon at a frequency of 30 Hz. Figure 8 shows the distribution of signal arrival times in the three OMs relative to the reference PMT in the LED Beacon. For every OM, the measurement obtained by both ARS readout channels are shown, since every front-end chip can potentially induce a different intrinsic electronics contribution to the timing. In the time distribution shown in figure 8 , the contribution of the small PMT inside the LED beacon is small since it has a fast rise time of 0.8 ns, and so the measurement is dominated by the OM contribution. As can be seen from the distributions shown in figure 8 , the timing resolution of all Optical Module readout channels is measured to be σ ∼ 0.4 ns. This resolution is however obtained for large intensity light pulses and so is not dominated by the PMT transit time spread but by the intrinsic electronics resolution. A detailed analysis of the dependence of timing resolution on light intensity is required to separate the various contributions, but this result already shows that the complete electronics contribution is smaller than 0.5 ns as required. For every OM, the data points display the average value measured by its two ARS channels.
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Every Optical Module also contains an internal blue LED in order to monitor the stability of the photomultiplier tube. This LED is mounted on the back of the PMT, as shown in figure 2 , and illuminates a large fraction of the photocathode through the phototube. The transit time of the PMT is monitored by flashing the internal LED at a rate of about 100 Hz and by looking at the OM signal arrival time with respect to the time of the LED flash. Figure 9 shows the average values of these delays for each of the three OMs as a function of time. The results confirm that the transit time of each OM has remained stable to within 0.5 ns, throughout the six month period considered.
Acoustic positioning system resolution
The second essential element to achieve the necessary angular resolution of the neutrino telescope is a real time measurement of the position in space of the Optical Modules with a precision of ∼ 10 cm. These positions are obtained by triangulation using distance measurements provided by the acoustic positioning system. The full acoustic positioning system will consist of a three dimensional array of emitting transducers (RxTx modules) fixed in known positions on the sea bed, together with receiving hydrophones (Rx modules) attached on several storeys along every detector line. These devices exchange precisely timed acoustic signals in the 40-60 kHz frequency range. In addition, the acoustic system includes four autonomous transponders which emit an acoustic "ping" at a precisely given frequency in response to a special interrogation by one RxTx module. These transponders will be located around the ANTARES detector in order to enlarge and make more uniform the geometry of the triangulation basis. At the present time, only a limited number of acoustic devices are installed at the site: one RxTx module on the MILOM anchor and one Rx module on its first storey. A first autonomous transponder has also been installed at the ANTARES site, its transducer being fixed at about 4 m above the sea bed on top of a pole supported by a pyramidal structure at a horizontal distance of ∼ 175 m from the MILOM anchor.
Although the limited number of installed acoustic emitters does not allow the triangulation reconstruction, the MILOM operation demonstrates the resolution and the stability of the acoustic system by monitoring the distance measured between two fixed points. This is illustrated in figure 10 which displays the acoustic distance measured between the RxTx transducer attached on the MILOM anchor and the autonomous transponder. The acoustic system measurements show a resolution of a few mm and a stability of ∼ 1 cm over a distance of 174.91 m, during two months of operation. The absolute distance obtained by this system is well in agreement with the value of 175.6 m obtained with the long base line acoustic navigation system used onboard the surface boat during the marine operation to monitor the deployment and installation of the lines. This navigation system, based on 10 kHz range acoustic signal exchanges, allows range measurements of several thousands of metres with an accuracy limited to ∼ 1 m. With the MILOM operation, the performance of the acoustic positioning system is confirmed to be well within the specification required to obtain a precision of ∼ 10 cm on the spatial reconstruction.
Examples of instrumentation measurements
In parallel to the Optical Module data taking and to the operation of the calibration devices, the various instruments of the MILOM dedicated to environmental measurements have been regularly read out. This has allowed a continuous monitoring of some physical quantities of the sea water at the ANTARES site which might have an influence on the calibration of the detector or on the bioluminescence background: the water current flow; the water temperature; the sound velocity and the water transparency. As an example, the measured water current velocity recorded by the Doppler current profiler located on the MILOM top storey is displayed in figure 11 , as a function of time over a period of eight months. These measurements confirm that the water current usually remains small at the ANTARES site, with a velocity not exceeding 20 cm/s and with an average speed of ∼ 5 cm/s. to the uncontrolled alignment in construction, the rotation changes affect, in general, the whole line. As expected, the top storey shows a larger rotation amplitude than the others. The measurements also indicate that the two lower storeys, separated by a shorter cable of 12.5 m, tend to remain at a constant orientation with respect to each other. Some correlation between the storey rotations and the water direction changes can also be noticed, especially when the current velocity is large as during the first days of November 2005. 
Conclusions
Since April 2005, the ANTARES Collaboration has been operating a Mini Instrumentation Line equipped with Optical Modules immersed at a depth of 2500 m on the ANTARES site. The main purpose of this line, built with preproduction elements of the detector, was to allow an in-situ check of all the equipment and in particular to validate the performance of the time calibration and acoustic positioning devices.
The various data regularly acquired during the MILOM operation confirm the capability of the Optical Modules and of its front-end electronics to trigger and read out single photo-electron signals. The continuous data collection from the OMs and the MILOM instruments during several months validate the whole electronics and the DAQ readout system designed for the detector. The operation of the light source calibration devices, such as the LED Optical Beacon or the OM internal LED, shows that a time calibration of all Optical Modules can be achieved in-situ with an accuracy better than 0.5 ns. The results yield an electronics contribution to the OM timing resolution smaller than 0.5 ns, as required. Finally, the operation of the acoustic positioning system shows that its performance is well within the specification required to achieve a space resolution of ∼ 10 cm. All these results confirm the good performance of the electronics and calibration devices as required to obtain the desired angular resolution of the detector. The experience with the MILOM gives confidence for the operation of the first complete lines of the ANTARES neutrino telescope, the deployment of which has started in early 2006.
